Conjugative plasmids encode antibiotic resistance determinants or toxin genes in the anaerobic pathogen Clostridium perfringens. The paradigm conjugative plasmid in this bacterium is pCW3, a 47-kb tetracycline resistance plasmid that encodes the unique tcp transfer locus. The tcp locus consists of 11 genes, intP and tcpA-tcpJ, at least three of which, tcpA, tcpF, and tcpH, are essential for the conjugative transfer of pCW3. In this study we examined protein-protein interactions involving TcpA, the putative coupling protein. Use of a bacterial two-hybrid system identified interactions between TcpA and TcpC, TcpG, and TcpH. This analysis also demonstrated TcpA, TcpC, and TcpG self-interactions, which were confirmed by chemical cross-linking studies. Examination of a series of deletion and site-directed derivatives of TcpA identified the domains and motifs required for these interactions. Based on these results, we have constructed a model for this unique conjugative transfer apparatus.
Conjugation systems are important contributors to the dissemination of antibiotic resistance determinants and virulence factors. Extensive analysis of conjugative plasmids from gramnegative bacteria has led to the elucidation of a general mechanism of conjugative transfer (10, 22) . In this process, the transferred DNA is processed by components of a relaxosome complex. Specifically, the DNA is nicked at the origin of transfer (oriT) by a relaxase, which remains covalently coupled to the transferred DNA strand. The single-stranded DNA complex then interacts with the coupling protein, a DNA-dependent ATPase that provides the energy to actively pump the DNA through the mating pair formation (Mpf) complex into the recipient cell (36) . The coupling protein interacts with both DNA processing proteins and components of the Mpf complex (1, 4, 12, 35, 38) . These interactions have been demonstrated using bacterial and yeast two-hybrid approaches as well as gel filtration, pull-down, and coimmunoprecipitation studies.
The mechanism of conjugative transfer has yet to be precisely determined for conjugative plasmids from gram-positive bacteria although bioinformatics analysis has identified similar gene arrangements and conservation of gene sequences within the transfer regions encoded on conjugative plasmids identified from strains of streptococcal, staphylococcal, enterococcal, and lactococcal origin (15) . It was proposed that gram-positive and gram-negative conjugation systems utilize a similar transfer mechanism (15) .
In the anaerobic pathogen Clostridium perfringens conjugative plasmids have been shown to encode antibiotic resistance genes or extracellular toxins (3, 8, 9, 18) . Although the contribution of conjugation to disease dissemination has not been systematically evaluated, it has been proposed that transfer of the C. perfringens enterotoxin plasmid pCPF4969 to normal flora isolates of C. perfringens may contribute to the severity of disease caused by non-food-borne isolates of C. perfringens (9) .
The prototype conjugative plasmid in C. perfringens is the 47-kb tetracycline resistance plasmid, pCW3. The complete sequence of pCW3 has been determined, and its unique replication protein and conjugation locus have been identified (8) . Bioinformatics analysis of this C. perfringens tcp conjugation locus identified several proteins with limited similarity to proteins encoded within the transfer region of the conjugative transposon, Tn916 (8) . The role of the tcp locus in the transfer of pCW3 has been confirmed by isolation of independent tcpA, tcpF, and tcpH mutants and subsequent complementation studies (8, 29) . Since the region that encompasses the tcp locus is conserved in all conjugative plasmids from C. perfringens (2, 3, 8, 9, 18, 27) and since divergent tcpA homologues can complement a pCW3tcpA mutant (29) , it appears that the conjugative transfer of both antibiotic resistance and toxin plasmids from this bacterium utilizes a common but poorly understood mechanism. Note that the C. perfringens tcp conjugation locus is different from the transfer regions of conjugative plasmids from other gram-positive bacteria.
We have recently shown that the essential conjugation protein TcpH, a putative membrane-associated Mpf complex component, is localized to the poles of C. perfringens cells, as is another essential conjugation protein, TcpF (37) . TcpH has also been shown to interact with itself and with the pCW3-encoded TcpC protein (37) . In this study we have focused on the essential conjugation protein TcpA. Since TcpA encodes an FtsK/SpoIIIE domain found in DNA translocases (8) , it is proposed that TcpA is involved in the movement of DNA during conjugative transfer, fulfilling a role equivalent to that of coupling proteins in other conjugation systems. Like such proteins, TcpA encodes two N-terminal transmembrane domains (TMDs) and a C-terminal cytoplasmic region that contains three motifs predicted to be involved in ATP binding and hydrolysis (8) . Our previous studies revealed that the conserved motifs, motif I (Walker A box), motif II (Walker B box), and motif III (RAAG box), are essential for the function of TcpA. The C-terminal 61 amino acids (aa), though not essential for TcpA function, were shown to be important for efficient transfer of pCW3, as were the putative TMDs (29) .
To further investigate pCW3 transfer and the role of TcpA in this process, we have used bacterial two-hybrid analysis to examine protein-protein interactions involving TcpA. Using this system, interactions were observed between TcpA and itself, TcpC, TcpG, and TcpH. In addition, TcpC and TcpG were also found to self-interact. By combining these data with other data generated in this laboratory (37), we have constructed a model for the conjugative transfer of pCW3.
MATERIALS AND METHODS
Bacterial strains and plasmids. The Escherichia coli host strains used were DH5␣ (Life Technologies), BTH101 (20) , and Rosetta 2 (Novagen), which were grown in 2ϫ yeast extract-tryptone medium (26) or autoinduction medium (Invitrogen) supplemented with ampicillin (100 g/ml) or kanamycin (50 g/ml) as appropriate. Plasmids are listed in Table 1 .
Molecular techniques. E. coli plasmid DNA was isolated by an alkaline lysis method, according to the manufacturer's instructions (Qiagen). Purified C. perfringens DNA was obtained as described previously (30) . PCR amplification used Taq DNA polymerase (Roche) and a 0.5 M final concentration of each primer. Denaturation (94°C for 30 s), annealing (50°C for 30 s), and extension (72°C for 3 to 5 min) steps were carried out for 30 cycles. Sequence analysis of constructs was performed on an Applied Biosystems 3730S capillary sequencer. Sequence data were analyzed using Vector NTI (Invitrogen), in conjunction with the Sanger Institute freeware Artemis, release 6. For details of oligonucleotide primers, see Table S1 in the supplemental material.
Construction of vectors. PCR products carrying the pCW3-derived wild-type tcpA gene were generated using the primer pair JRP2617 and JRP2618 and cloned into the bacterial two-hybrid vector pKT25, generating pJIR3351. Gene products expressing the TcpA deletion derivatives comprised of residues 1 to 469 (TcpA ), TcpA , and TcpA 1-316 were generated using the forward primer JRP2617 and the reverse primers JRP2645, JRP2824, JRP2825, respectively, and This study pJIR3353 pUT18C (Asp718/BamHI) harboring the product of PCR with JRP2617/JRP2645 (Asp718/BamHI; 1,410 bp) and expressing tcpA This study pJIR3354 pUT18C (Asp718/BamHI) harboring the product of PCR with JRP2617/JRP2824 (Asp718/BamHI; 1,098 bp) and expressing tcpA This study pJIR3355 pUT18C (Asp718/BamHI) harboring the product of PCR with JRP2617/JRP2825 (Asp718/BamHI; 951 bp) and expressing tcpA cloned into the bacterial two-hybrid vector pUT18c, generating pJIR3353, pJIR3354, and pJIR3355, respectively. Site-directed mutations or internal deletions of the tcpA gene were generated using a Quikchange (Stratagene) mutagenesis kit. The starting vector in these experiments was the pUT18c ⍀(tcpA) vector pJIR3137. The primer pairs JRP3406 and JRP3407, JRP3408 and JRP3409, and JRP3410 and JRP3411 were used to construct vectors expressing the TcpA derivatives with the mutations K242A, D334A E335A, and Q379A, which had changes in motif I, II, or III, respectively. The TMD deletion derivative TcpA ⌬46-104 was expressed from a vector generated by Quikchange mutagenesis of pJIR3137 using the primer pair JRP2831 and JRP2832. Primers JRP3589 and JRP2414 were used to generate the wild-type tcpA gene for cloning into the glutathione S-transferase (GST) expression vector pGEX-4T (GE Life Sciences) and the maltose binding protein (MBP) expression vector pMALc2 (New England Biolabs), generating pJIR3558 and pJIR3559, respectively. Bacterial two-hybrid analysis. The genes encoding the potential interacting proteins were cloned separately into the vectors pKT25 and pUT18C (19) , and the resultant constructs were used to cotransform strain BTH101. For negative controls, strains expressing a fusion protein and carrying a corresponding empty vector (pKT25 or pUT18C, respectively), were used. Quantitative assessment of protein-protein interactions was performed as described previously (19, 37) . Quantitative ␤-galactosidase assays (6) were performed either as described previously (37) or by using a modified method for high-throughput analysis in which cultures were grown and lysed in 96-well trays. ␤-Galactosidase activity (Miller units) was calculated from the initial rate of the reaction (6) .
Protein expression and purification. Derivatives of TcpA, TcpC, TcpG, and TcpH tagged with either GST (pGEX-4T), His 6 (pET28a), or MBP (pMALc2) were overexpressed in Rosetta 2 cells cultured in autoinduction medium overnight at 28°C and then for an additional 24 h at 22°C. Each tagged protein was affinity purified with either GST or amylose resins. His 6 -tagged TcpG (His 6 -TcpG) was purified by the Monash University Protein Production Unit by highthroughput affinity chromatography using the Ä KTAxpress system.
Cross-linking and far-Western analysis. Cross-linking experiments were performed using dimethyl 3,3Ј-dithiobispropionimidate-2HCl (DTBP) (Pierce Biotechnology, USA), a cleavable and bifunctional imidoester cross-linker, as described previously (37) . Immunoblotting of cross-linked proteins separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using the following antibodies: Penta-His (Qiagen), anti-MBP rabbit polyclonal (New England BioLabs), horseradish peroxidase-conjugated sheep anti-mouse (Chemicon) or horseradish peroxidase-conjugated sheep anti-rabbit (Chemicon). Anti-TcpC rabbit polyclonal antibodies were kindly provided by Radhika Bantwal. Far-Western analysis was performed using biotin-labeled GST-TcpA, with a biotin-labeled GST control, as previously described (37) .
RESULTS

TcpA forms homooligomers.
Since coupling proteins and DNA translocases are known to form homohexamers (13, 23) , it was predicted that interactions between TcpA monomers would be observed. To investigate protein-protein interactions in this study, we used a bacterial two-hybrid system based on the interaction of the T25 and T18 domains of adenylate cyclase from Bordetella pertussis (19) . To determine if TcpA forms homooligomers, the wild-type tcpA gene was cloned in frame into vectors expressing the T25 (pKT25-tcpA) and T18 (tcpA-pUT18) domains. These vectors were then used to cotransform BTH101 cells, and the resultant strain was tested for expression of ␤-galactosidase (Fig. 1A) . The results showed that significantly more ␤-galactosidase was detected in cells containing the complementary pair of TcpA fusion proteins than in the negative controls. This result indicated that the TcpA derivatives formed a homooligomer in the bacterial twohybrid system.
Chemical cross-linking confirms TcpA self-interaction. To confirm the TcpA self-interaction, a chemical cross-linking approach was used. Purified MBP-TcpA fusion protein was treated with increasing concentrations of the reversible imidoester cross-linker DTBP and examined by immunoblotting using MBP-specific antiserum. Under nonreducing conditions, even before the addition of DTBP, TcpA can be seen to form significant amounts of a very-high-molecular-weight complex (Ͼ250 kDa) ( Fig. 2A) . Upon the addition of increasing amounts of cross-linker, the ratio of TcpA monomer to complex increased. The cross-linking reaction mediated by DTBP FIG. 1. Protein-protein interactions identified by bacterial two-hybrid analysis. (A) TcpA interacts with several proteins encoded by the tcp locus. E. coli BTH101 cells were cotransformed with TcpA-pUT18 and the pKT25 derivatives encoding IntP or TcpA to TcpJ. As negative controls, BTH101 cells were cotransformed with a vector expressing the test protein fused to either the T25 or T18 domain and a corresponding control plasmid (pUT18C or pKT25, respectively). Quantitative ␤-galactosidase assays were performed in triplicate, and the standard error is indicated. The activity (Miller units) is given for cells expressing Tcp proteins (striped boxes) and controls (checkered boxes). Statistical analysis was carried out using a Student's t test after analysis of variance. Statistical significance is indicated by an asterisk, where P is Ͻ0.05 by comparison to the negative control. (B) TcpC and TcpG self-interact. Bacterial two-hybrid analysis was also used to investigate TcpC self-interaction and TcpG self-interaction. The fusion derivative pair TcpC-pUT18 and pKT25-TcpC and the pair TcpG-pUT18 and pKT25-TcpG were also tested for ␤-galactosidase activity as for panel A. (24) . At lower concentrations of DTBP, under reducing conditions, the TcpA complex was no longer visible. However, at higher levels of crosslinker, the reaction was no longer reversible. To control for the presence of the MBP tag, purified MBP was also subjected to chemical cross-linking under the same conditions (Fig. 2B) and shown not to self-interact. These results indicated that the formation of the higher-molecular-weight complex was enhanced by the presence of DTBP in a concentration-dependent manner. These data strongly suggested that the MBP-TcpA monomers had been cross-linked, providing physical evidence that TcpA forms homooligomers and confirming the conclusion drawn from bacterial two-hybrid analysis. TcpA interacts with TcpC, TcpG, and TcpH. Coupling proteins are known to interact with proteins involved in both DNA processing reactions and the Mpf complex export machinery (1, 4, 38) . To identify additional protein-protein interactions involving TcpA, the bacterial two-hybrid analysis was expanded to investigate other proteins encoded on the tcp locus (Fig. 1A) . BTH101 cells were cotransformed with vectors expressing TcpA fused to the T18 domain (TcpA-T18) and each of the T25-Tcp fusion proteins, IntP and TcpA to TcpJ. The results showed that significantly more ␤-galactosidase expression was detected in cells containing the fusion protein pairs T25-TcpC and TcpA-T18, T25-TcpG and TcpA-T18, and T25-TcpH and TcpA-T18 than in the corresponding negative controls. These results provide evidence that TcpA also interacts with TcpC, TcpG, and TcpH. No interactions were detected with the other proteins encoded by the tcp locus.
TcpC and TcpG also form homooligomers. In addition to coupling proteins, other components of conjugation systems are known to form homooligomers (1, 25, 32, 38) , including the pCW3 conjugation protein TcpH (37) . Bacterial two-hybrid analysis also showed that TcpC and TcpG also self-interact (Fig. 1B) . To confirm these interactions a chemical cross-linking approach was again used. Purified MBP-TcpC (ca. 80 kDa) and His-TcpG (ca. 33 kDa) fusion proteins were treated with increasing concentrations of DTBP and examined by immunoblotting using MBP-and His-specific antisera, respectively. Under nonreducing conditions, even before the addition of DTBP, TcpC formed moderate amounts of a multimer approximately 240 kDa in size (Fig. 2C) , which corresponds to the expected size of a TcpC trimer. Upon the addition of increasing amounts of cross-linker, a much larger complex (Ͼ250 kDa) was formed. Both large-complex and trimer formation were reduced upon the addition of dithiothreitol (DTT) at lower levels of cross-linker. However, at the higher concentrations of cross-linker, the reaction was no longer completely reversible. These results indicate that the formation of the high-molecular-weight complex was dependent on the presence of DTBP in a concentration-dependent manner. Conversely, trimer formation was independent of cross-linker but still sensitive to the reducing agent DTT. Similarly, chemical cross-linking of TcpG resulted in the formation of a dimer, which could be reduced in the presence of DTT (Fig. 2D) . These data provide physical evidence that both TcpC and TcpG form homooligomers and are consistent with data obtained using bacterial two-hybrid analysis.
Biochemical confirmation of TcpA-TcpH interaction. FarWestern analysis was used to confirm TcpA-TcpH interactions as both proteins, individually, form very large homooligomers. In these experiments, partially purified MBP-TcpH was separated by SDS-PAGE, transferred to a nitrocellulose membrane, and probed with biotin-labeled GST-TcpA. Interactions between TcpA and TcpH were detected with the antistreptavidin analog, ExtrAvidin (Sigma). To control for interactions involving the MBP and GST tags, MBP was resolved alongside the MBP-TcpH sample, and duplicate membranes were probed with biotin-labeled GST. The results (Fig. 3) indicate that GST-TcpA interacts with an oligomer of TcpH, as indicated by Western analysis using TcpH-specific antibodies, but does not interact with the monomer. The TMDs of TcpA and the Walker B motif are required for TcpA self-interaction. Previously, a series of TcpA deletion and site-directed mutants were constructed and tested for their ability to complement a pCW3⌬tcpA mutant (29) . Specifically, C-terminal deletion derivatives encompassing the last 61 aa of the 530-aa TcpA protein (TcpA 1-469 ), then the RAAG motif (III) (TcpA 1-365 ), and the Walker B box (motif II) (TcpA 1-316 ) were constructed, as was an internal deletion derivative in which the region encoding the two N-terminal TMDs (TcpA ⌬46-104 ) was removed. In addition, an N-terminal deletion derivative, TcpA 358-530 , was also constructed. The final derivatives of TcpA contained alanine substitutions in the Walker A motif (K242A), the Walker B motif (D334A E345A), or the RAAG motif (Q379A) (29) .
To determine if loss of biological function could be attributed to decreased protein-protein interactions, these same derivatives (Fig. 4A) were constructed in the bacterial two-hybrid vector pUT18c and tested for their ability to interact with the wild-type T25-TcpA protein. The results showed that the Cterminal 61 aa of TcpA were not required for TcpA selfinteraction since the ␤-galactosidase levels detected in cells containing this fusion protein (TcpA 1-469 -T18) were similar to levels in the wild-type protein (TcpA 1-530 -T18) (Fig. 4B) . The deletion derivatives TcpA 1-365 -T18 and TcpA 1-316 -T18 were not able to interact with the wild-type protein; these cells had ␤-galactosidase levels indistinguishable from the negative controls. Since the region between aa 365 and 469 appeared to be required for TcpA self-interaction, a TcpA 358-530 derivative was also tested in the bacterial two-hybrid system. It did not interact with full-length TcpA. Deletion of the putative TMDs of TcpA (TcpA ⌬46-104 ) significantly reduced ␤-galactosidase activity, indicating that this region is also important for TcpA self-interaction. Finally, single amino acid substitutions within motif I (K242A) and motif III (Q379A) had no effect on the ability of TcpA to self-interact, but a substitution within motif II (D334A E335A) abolished TcpA self-interaction.
The C-terminal 61 aa of TcpA are required for interactions with TcpC. To determine the regions of TcpA involved in interactions with TcpC, the same TcpA derivatives were tested for their ability to interact with the wild-type T25-TcpC protein in the bacterial two-hybrid system. The results showed that the C-terminal 61 aa of TcpA were required for TcpA-TcpC interaction since ␤-galactosidase activity was significantly reduced compared to the wild-type TcpA protein (Fig. 4C) . The deletion derivatives TcpA 1-365 -T18 and TcpA 1-316 -T18 were also unable to interact with the wild-type TcpC protein. Single amino acid substitutions within motif I and motif III had no effect on the ability of TcpA to interact with TcpC, but amino acid substitutions within motif II abolished the TcpA-TcpC interaction. Deletion of the putative TMDs of TcpA also resulted in significantly reduced ␤-galactosidase activity, indicating that this region is important for TcpA-TcpC interaction.
The TMDs of TcpA are required for TcpA-TcpG and TcpATcpH interactions. The domains of TcpA involved in interactions with TcpG and TcpH were investigated in a similar manner. In these experiments, a smaller derivative of TcpH, TcpH 1-581 , was used as it had previously been shown to interact with TcpA (37). The C-terminal 61 aa of TcpA were not required for TcpA-TcpG (Fig. 4D) or TcpA-TcpH (Fig. 4E) interactions as wild-type levels of ␤-galactosidase activity were detected. Other deletion derivatives of TcpA were not able to interact with the wild-type TcpG or TcpH protein, and amino acid substitutions within motif II, but not motif I or III, abolished both TcpA-TcpG and TcpA-TcpH interactions. Deletion of the putative TMDs of TcpA also eliminated TcpA-TcpG and TcpA-TcpH interactions.
DISCUSSION
In this study we have investigated protein-protein interactions involving the essential pCW3 conjugation protein, TcpA. TcpA encodes domains found in DNA translocases and coupling proteins (8, 29) , proteins that are known to form homooligomers (13, 23) and to interact with components of the Mpf complex (1, 4, 12, 36, 38) . We have now shown that TcpA interacts with itself and with other pCW3 conjugation proteins such as TcpC, TcpG, and the essential transmembrane component TcpH. These findings are all consistent with the postulated role of TcpA as a coupling protein that links the transferred DNA to the Mpf complex.
Homooligomerization of TcpA was demonstrated in both bacterial two-hybrid and cross-linking experiments. Oligomerization of TcpA was observed even in the absence of crosslinker under nonreducing conditions. Furthermore, this SDSstable interaction could also be reduced in the presence of DTT, indicating that disulfide bonds may be involved. Although it is postulated that TcpA will form hexamers similar to other coupling proteins and FtsK-like DNA translocases, the TcpA oligomers (Ͼ200 kDa) could not be resolved by either SDS-PAGE or size exclusion chromatography (data not shown).
Using the bacterial two-hybrid system, we identified regions of TcpA that were essential for homooligomerization. Since TcpA 1-469 can interact in this system, unlike TcpA 1-365 , oligomerization of TcpA appears to be dependent on aa 365 to 469. This region encompasses the RAAG motif (III) that, based on comparative analysis of the structural similarity between TrwB and F 1 -ATPase, encodes a putative arginine finger (14) . In AAA ϩ ATPases such as F 1 -ATPase, the arginine finger is thought to interact with the C-terminal phosphate of an ATP molecule that is bound to the preceding protomer in the hexameric ring, affecting oligomerization, ATP recognition, and ATP hydrolysis (11, 28) . Deletion of this putative arginine finger may explain the loss of detectable self-interaction with TcpA .
The conserved glutamine of the RAAG motif [TcpA(Q379A)] was also targeted in this study. This residue is predicted to be required for sensing of the triphosphate moiety of ATP, triggering its hydrolysis (21, 34) . Although this amino acid has been shown to be important for the function of TcpA (29), we have now shown that it is not involved in proteinprotein interactions. This finding is consistent with its role in ATP hydrolysis.
Targeting of the second conserved motif, which encompasses the Walker B box, resulted in the loss of TcpA selfinteraction. Functional analysis of the Walker B motif in TcpA (29) and the TraG coupling protein from RP4 (7) has indicated that this motif is essential for conjugative transfer. The aspartate residue targeted for substitution is predicted to be required for the coordination of the Mg 2ϩ ion involved in ATP   FIG. 4 . The role of TcpA regions in protein-protein interactions. The bacterial two-hybrid system was used to test the ability of a series of deletion and site-directed mutants of TcpA-T18 (A) to interact with T25-TcpA. Previously, plasmids expressing these derivatives were tested for their ability to complement a pCW3⌬tcpA mutant (29) . Complementation efficiency is summarized as follows: ϩϩ, full complementation compared to the wild-type gene; ϩ, reduced transfer efficiency; Ϫ, no transfer of pCW3; ND, not determined. The location of each site-directed substitution is indicated by X. (B) Domains of TcpA required for TcpA self-interaction. E. coli BTH101 cells were cotransformed with pKT25-tcpA and the various tcpA-pUT18 derivatives and the control plasmid pUT18c. Quantitative ␤-galactosidase assays were performed in triplicate, and the standard error is indicated. Statistical analysis was carried out using a Student's t test after analysis of variance. Statistical significance is indicated by an asterisk where P is Ͻ0.05 by comparison to the wild-type TcpA control. The domains of TcpA required for TcpA-TcpC interaction (C), TcpA-TcpG interaction (D), and TcpA-TcpH 1-581 interaction (E) were determined in a similar manner. hydrolysis, whereas the neighboring glutamate primes a water molecule for a nucleophilic attack on the ␥-phosphate of the bound ATP (34) . Since this region is also important for oligomerization, it is unclear if TcpA(D334A E345A) is nonfunctional due to its putative role in ATP hydrolysis or its inability to oligomerize. Furthermore, these phenotypic changes may also be the result of incorrect folding of the TcpA(D334A E345A) fusion protein. Mutagenesis of the Walker A motif (I) of TcpA [TcpA(K242A)] did not alter TcpA oligomerization, which is consistent with its putative role in ATP binding and hydrolysis.
The region of TcpA encoding the two predicted TMDs, aa 46 to 104, was required for efficient protein-protein interactions between TcpA monomers. Reduced oligomerization may account for the significant reduction in transfer frequency observed when this derivative was tested for conjugative efficiency in the pCW3⌬tcpA mutant (29) . This result is consistent with the role of the TMDs of the coupling protein, TraG, which are also required for oligomerization in vitro, as well as protein-protein interactions with relaxosome components (33) . By contrast, the TMDs of FtsK are not essential for its ATPase activity, multimer formation, or DNA translocase activity (5) although FtsK is significantly larger and therefore may have additional structural features that support protein-protein interactions.
TcpA was also found to interact with TcpC, TcpG, and TcpH using the bacterial two-hybrid system. TcpH is an essential membrane-located transfer protein previously shown to form homooligomers and predicted to form a key component of the Mpf complex (37) . TcpH encodes an essential VirB6 domain as well as ATP binding motifs and has been localized to the poles of C. perfringens using fluorescence microscopy (37) . The TcpA-TcpH interaction described here appears to occur between oligomeric forms of TcpA and TcpH, as indicated by both the far-Western analysis and the bacterial twohybrid analysis. Derivatives of TcpA that had significantly lower levels of self-interaction in the bacterial two-hybrid system were also unable to interact with TcpH. In RP4, deletion of the equivalent TraG TMDs results in the loss of TraG oligomerization and interaction with the relaxase, TraI (33), though it is not known if the TraG-TraI interaction specifically requires the TMDs or oligomeric TraG. In the F plasmid coupling protein, purified TraD has been shown to form dimers in the absence of the other F Tra proteins; however, the coexpression of additional Tra proteins resulted in the formation of large membrane-associated complexes (17) .
TcpC is most closely related to open reading frame 13 (Orf13) from the conjugative transposon Tn916 (8) . Although there are no published functional data on Orf13, preliminary studies in this laboratory suggest that TcpC is involved in the conjugative transfer of pCW3 (R. Bantwal, T. Bannam, and J. Rood, unpublished results). In this study, the efficiency of TcpA-TcpC interactions was reduced upon the deletion of the C-terminal 61 aa of TcpA as well as the deletion of the TMDs. Although the C-terminal region of TcpA is not absolutely required for transfer of pCW3, deletion of this region resulted in a reduction in transfer efficiency of 3 orders of magnitude (29) . Furthermore, the deletion of the C-terminal region does not affect interactions between TcpA and itself, TcpG, or TcpH, which suggests that the TcpA 1-469 molecule is correctly folded. This region of TcpA, which is required for both efficient transfer and TcpA-TcpC interactions, clearly plays an important role in the conjugation process.
TcpA also interacts with TcpG, a putative peptidoglycan hydrolase (8) . Peptidoglycan hydrolases, such as the lytic transglycosylase encoded by Orf7 from pIP501, are predicted to be important for the localized opening of the cell wall that is required for the assembly of the Mpf complex (1). In pIP501, Orf7 forms a dimer and also interacts with Orf10, a putative coupling protein (1). Here, we have shown that TcpG forms dimers that are able to interact with the putative coupling protein TcpA. Although TcpG belongs to a different family of peptidoglycan hydrolases and, as such, is predicted to target different linkages within the peptidoglycan layer, TcpG may play a similar functional role in pCW3 transfer.
Attempts to confirm TcpA-TcpC and TcpA-TcpG interactions using biochemical methods were not successful. Although initial attempts to identify interactions between GST-TcpA and MBP-TcpC using chemical cross-linking approaches looked promising, we were unable to distinguish between potential complexes involving homo-and heterooligomers, primarily because of the large sizes of these complexes (data not shown). Further attempts to confirm TcpA-TcpC interactions by cross-linking and far-Western analysis using a smaller derivative of TcpC in which the TMDs had been deleted (HisTcpC ⌬1-98 ) were also unsuccessful although the role of the TMDs of TcpC in this interaction are not known. Cross-linking studies using both MBP-TcpA and GST-TcpA with His-TcpG were hindered by nonspecific interactions with the commercial anti-His antibodies. Far-Western analysis using combinations of purified MBP-TcpA, GST-TcpA, and His-TcpG both on nitrocellulose membranes and as biotin-labeled probes failed to identify reproducible TcpA-TcpG interactions. If the TcpATcpG interaction also occurs between oligomers, this may explain the difficulties we had confirming these interactions.
Finally, the results obtained here and in previous studies (37) have allowed us to develop a model for the interaction of the proteins involved in the conjugative transfer of pCW3. In this model (Fig. 5) , oligomeric TcpH, a putative membranespanning Mpf protein is embedded in the cell membrane at the poles (37) and forms a key component of the mating channel. TcpA, the putative coupling protein, interacts with oligomeric TcpH. Both TcpA and TcpH also interact with the accessory protein TcpC (37) , which has a putative N-terminal TMD, indicating that it may also be membrane associated (8) . The interaction between TcpA and TcpC is dependent on the 61 C-terminal amino acids of TcpA, a region that is also important for conjugative transfer of pCW3. TcpA, but not TcpH, also interacts with TcpG, a putative cell wall-associated peptidoglycan hydrolase. Finally, immunofluorescence has been used to colocalize TcpF, a putative ATPase, with TcpH at the poles of C. perfringens cells (37) although we have no evidence for TcpH-TcpF interactions.
In this study we have identified interactions between several Tcp conjugation proteins that form the unique pCW3 Mpf apparatus. We anticipate that the resultant model will provide a valuable framework upon which further interactions can be mapped and that it will aid in the determination of the mechanism of pCW3 transfer in C. perfringens, a clinically important pathogen.
